ron-sulfur (Fe͞S) proteins perform crucial roles in various electron transfer processes and in several enzymatic reactions (1) (2) (3) . In eukaryotic cells, known Fe͞S proteins are localized in mitochondria, the cytosol, and the nucleus (4) . Only recently, the components and mechanisms of the biosynthesis of Fe͞S proteins have been approached by employing genetic and biochemical methods. In a pioneering report, Culotta's group (5) demonstrated the involvement of the essential mitochondrial protein Nfs1p and the two mitochondrial heat shock proteins Jac1p and Ssq1p in the generation of Fe͞S proteins of mitochondria of Saccharomyces cerevisiae. Nfs1p represents the functional ortholog of the bacterial cysteine desulfurase NifS͞IscS, which initiates Fe͞S cluster formation by producing elemental sulfur from cysteine (6, 7) . Recently, we were able to show that mitochondrial Nfs1p, in addition to its role in generating mitochondrial Fe͞S clusters, is necessary for the biosynthesis of extramitochondrial Fe͞S proteins (7) . Export of components required for assembly of cytosolic Fe͞S proteins is mediated by the ATP-binding cassette transporter Atm1p of the mitochondrial inner membrane (7, 8) . Different from the function of Nfs1p, this protein performs a specific role in the assembly of cytosolic Fe͞S proteins, because no effects were observed on the generation of mitochondrial Fe͞S proteins on depletion of Atm1p.
Mitochondria were proposed to contain a complex machinery catalyzing the formation of Fe͞S clusters (7) . Some of the components of this machinery have been inferred from bacterial homologs encoded by the nif (nitrogen fixation) and isc (iron-sulfur cluster assembly) operons, which contain genes required for assembly of the multinuclear Fe͞S protein nitrogenase and for the biogenesis of ''house-keeping'' bacterial Fe͞S proteins, respectively (9, 10). One of these proteins is a member of the [2Fe-2S] ferredoxin family. The yeast homolog termed Yah1p is an essential protein and has been shown to reside in mitochondria (11) , but its function remained unclear.
Ferredoxins comprise a large family of low-molecular-mass proteins that are involved in various cellular redox processes (reviewed in ref. 12 ). The ferredoxin proteins contain an iron-sulfur cluster as their redox-active site. Regeneration of the reduced form of these proteins is accomplished by specific ferredoxin reductases, which gain the electrons by oxidation of NAD(P)H. Ferredoxins can be subdivided into several distinct classes according to sequence similarities and the presence of specific types of Fe͞S clusters (12, 13) . The [2Fe-2S] ferredoxins are characterized by a molecular mass of about 10-12 kDa, and they possess a high reduction potential of Ϫ400 mV. Multiple isoforms of [2Fe-2S] ferredoxins are present in cyanobacteria and chloroplasts. Other members of this family are involved in a number of biosynthetic reactions requiring redox steps such as the reduction of nitrite or sulfite, the synthesis of glutamate or unsaturated fatty acids, or the oxidoreduction of thioredoxin that is needed for formation and cleavage of disulfide bonds. Mitochondria of vertebrates contain a [2Fe-2S] ferredoxin homolog termed adrenodoxin (14) . The protein transfers electrons to a mitochondrial cytochrome P 450 that synthesizes pregnenolone, the common precursor of steroid hormones.
We noted a close sequence homology of the yeast mitochondrial ferredoxin Yah1p with bacterial ferredoxins that are encoded by the isc operons. This observation prompted us to investigate the potential involvement of Yah1p in the biosynthesis of cellular Fe͞S proteins. By employing a direct method to follow the incorporation of an Fe͞S cluster into both mitochondrial and cytosolic apoproteins, we were able to demonstrate an essential function of Yah1p in the generation of these Fe͞S proteins. Depletion of the concentration of ferredoxin led to a drastic accumulation of iron within mitochondria similar to that reported for other proteins involved in cellular Fe͞S protein synthesis. Together, our data identify the ferredoxin Yah1p as a central component of the mitochondrial Fe͞S protein biosynthesis apparatus.
Materials and Methods
Yeast Strains and Cell Growth. The following strains of S. cerevisiae were used: W303 (MAT␣, ura3-1, ade2-1, trp1 -1, his3-11,15, leu2-3,112) , which served as wild-type, and strains carrying mutations in the genes COR1 (15) and COX6 (16) . Exchange of the promoter of the YAH1 gene for a galactose-inducible promoter (strain Gal-YAH1) was performed as described (7, 17) . PCR fragments corresponding to the coding region (nucleotides Ϫ27 to 649) and the 5Ј upstream region (nucleotides Ϫ412 to Ϫ8) of YAH1 were cloned into the BamHI͞HindIII and HindIII͞HpaI restriction sites, respectively, of the Yep51 vector carrying the GAL10 promoter. Deletion of the LEU1 gene in W303 and Gal-YAH1 cells Fe into the cytosolic protein Leu1p by immunoprecipitation and liquid scintillation counting were described earlier (7) . The amount of radioactive iron associated with the mitochondrial version of Leu1p was measured accordingly. The standard error for detection of 55 Fe associated with cytosolic or mitochondrial Leu1p in a cell lysate was 15%; the cellular uptake of 55 Fe varied by 30%.
Results
The S. cerevisiae gene YAH1 encodes a protein of 172 amino acid residues. The N-terminal 60 residues of Yah1p resemble a mitochondrial targeting signal (presequence). This part mediated the membrane potential-dependent import of the Yah1p precursor into the mitochondrial matrix and was cleaved off after import (not shown). The C-terminal 110 residues share considerable homology to adrenodoxin of mammalian mitochondria (11) and to the [2Fe-2S] cluster-containing class of bacterial ferredoxins (Fig. 1) . The function of these bacterial proteins has not yet been elucidated. Some of these proteins are encoded in the isc and related operons in which genes with a (potential) function in Fe͞S protein biosynthesis are clustered (10) . This finding rendered it likely that the mitochondrial ferredoxin Yah1p performs a role in the generation of Fe͞S proteins.
Construction of a Yeast Strain Allowing Depletion of Yah1p by
Regulated Gene Expression. To facilitate the investigation of the function of Yah1p, a mutant yeast strain was constructed in which the expression of the essential YAH1 gene was under the control of a galactose-inducible promoter. The resulting strain, termed Gal-YAH1, grew at wild-type rates in the presence of galactose (Table  1 ). Without addition of this sugar, cells did not grow on medium containing the nonfermentable carbon-source glycerol. On fermentable carbon sources (glucose), cells were able to maintain viability. On cultivation on rich medium, they gave rise to small colonies comparable to what is seen for yeast pet mutant strains (30) . On minimal medium, growth was retarded severely (Table 1 and Fig. 2A ). The residual growth of the Gal-YAH1 cells in the presence of glucose is explained by the leaky character of the GAL10 promoter (see, e.g., ref. 7). Nevertheless, the more than 10-fold depletion of the mitochondrial concentration of Yah1p achieved in the Gal-YAH1 strain (Fig. 2 A) allowed the investigation of the function of this protein.
Yah1p Is Required for Fe͞S Cluster Incorporation into Mitochondrial
Apoproteins. The Gal-YAH1 cells were employed to test the requirement of Yah1p for the activity of mitochondrial Fe͞S proteins. Gal-YAH1 cells were cultivated in the absence of galactose to deplete the concentration of Yah1p selectively. After various times, cells were harvested; mitochondria were isolated; and the activities of several enzymes were measured. A strong decay in the activities of the soluble Fe͞S protein aconitase and the Fe͞S cluster-containing complexes II (succinate dehydrogenase) and III (cytochrome c reductase) was observed on depletion of Yah1p (Fig.  2B) . After 2.5 days, the activities were reduced 5-to 10-fold compared with wild-type cells. No changes were detectable in the activities of control proteins that do not contain Fe͞S clusters 
The growth of Gal-YAH1 cells was estimated on various media relative to the growth of wild-type cells. ϩϩϩ, same growth as wild-type cells; ϩϩ, retarded growth; ϩ, strongly reduced growth; Ϫ, cells stop growing after 3 days. MMG, minimal medium containing 2% (vol͞vol) glycerol; YPG, rich medium containing 2% (vol͞vol) glycerol; MMD, minimal medium containing 2% (wt͞vol) dextrose; YPG, rich medium containing 2% (wt͞vol) dextrose; Gal, galactose.
(malate dehydrogenase and citrate synthase). The loss of activity of the Fe͞S cluster-containing proteins did not result from impaired synthesis or import of these proteins into mitochondria. Hardly any changes in the levels of aconitase and the Rieske Fe͞S protein of complex III and only a 3-fold decrease in subunit 2 of complex II (Sdh2p) were detectable by immunostaining analysis (Fig. 2C) . No alterations were seen for non-Fe͞S proteins except for the amount of Nfs1p, which was increased 3-fold on depletion of Yah1p. Taken together, these data indicate a requirement of the ferredoxin Yah1p for the activity of mitochondrial Fe͞S proteins and suggest a function in the generation of these proteins.
To measure the incorporation of an Fe͞S cluster into a mitochondrial apoprotein directly, we attempted to follow the assembly of iron with the protein by immunoprecipitation (see ref. 7 ). Because our antibodies directed against aconitase did not immunoprecipitate this protein, the cytosolic Fe͞S protein Leu1p was directed to mitochondria. A DNA segment encoding a mitochondrial presequence was introduced at the 5Ј end of the coding sequence of LEU1. The DNA was inserted into a yeast expression vector and transformed into wild-type or Gal-YAH1 yeast cells. To ease subsequent analyses, the genomic copy of the LEU1 gene was deleted in these cells. The resulting strains (termed ⌬LWT-ML and ⌬LGY-ML, respectively) expressed Leu1p protein that was exclusively localized within mitochondria (Fig. 3A and data not shown) .
The incorporation of an Fe͞S cluster into mitochondrial Leu1p was followed in vivo. ⌬LWT-ML and ⌬LGY-ML cells were radiolabeled with ( 55 Fe) iron chloride for 1 h, and total cell lysates were prepared. Mitochondrial Leu1p was immunoprecipitated under native conditions with specific antibodies, and the Fe were immunoprecipitated with the Leu1p-specific antiserum (Fig. 3B Upper) , whereas hardly any radioactive 55 Fe was precipitated by employing antibodies derived from preimmune serum (not shown; ref. 7) . In contrast, on depletion of Yah1p by growth of ⌬LGY-ML cells in the absence of galactose, the amount of 55 Fe bound to Leu1p became rapidly decreased by a factor of 5-10. The uptake of radioactive 55 Fe iron into the cells was hardly affected during the experiment (Fig.  3B Lower) . The slight increase in 55 Fe content of the yeast cells is related to the depletion of residual levels of nonradioactive iron on cultivation in "iron-free" minimal medium (not shown). The amounts of mitochondrial Leu1p remained unchanged on depletion of Yah1p (Fig. 3B Insert) , clearly showing that the decrease of Yah1p levels caused a defect in the incorporation of the Fe͞S cluster into the Leu1p apoprotein. In conclusion, these data attribute a crucial function to the ferredoxin Yah1p in the biosynthesis of mitochondrial Fe͞S proteins. 
Yah1p Is Essential for the Assembly of Cytosolic Fe͞S Proteins.
Mitochondria have been shown to perform an essential function also in the biogenesis of extramitochondrial Fe͞S proteins (7). We therefore examined the potential involvement of Yah1p in the biosynthesis of cytosolic Fe͞S proteins. Gal-YAH1 cells were grown in medium lacking galactose; after various times, cells were lysed, and the enzyme activity of cytosolic Leu1p was measured. A strong decrease in the enzyme activity of Leu1p was observed on depletion of Yah1p in comparison to wild-type cells and to Gal-YAH1 cells grown in the presence of galactose (Fig. 4A) . Other cytosolic enzymes were not significantly altered in their activities (not shown; see ref. 7) . Apparently, Yah1p is required either for the synthesis of this cytosolic Fe͞S protein or for the maintenance of its function. The fact that the amount of Leu1p in the cytosol remained unchanged on diminishing Yah1p (Fig. 4B) suggests an involvement of this ferredoxin in the incorporation of the Fe͞S cluster into the Leu1p apoprotein.
To investigate directly whether a defect in Yah1p affects the assembly of the Fe͞S cluster in cytosolic Leu1p, Gal-YAH1 cells were depleted in Yah1p, labeled with radioactive ( (Fig. 5A ). No such effect was noted for cells in which complexes III and IV were inactivated by deletion of the COR1 and COX6 genes, respectively. Iron uptake into the yeast cells was unaffected by depletion of Yah1p, excluding the possibility that a defective supply of iron caused the impaired iron incorporation into Leu1p (Fig. 5B) . Together, these experiments illustrate a requirement of mitochondrial Yah1p for the incorporation of an Fe͞S cluster into cytosolic Leu1p. In addition to mitochondrial Nfs1p and Atm1p, the ferredoxin Yah1p is the third component with a known function in cytosolic Fe͞S cluster biogenesis.
Depletion of Yah1p Results in Iron Accumulation Within Mitochondria.
Mutants in components of Fe͞S cluster biosynthesis (e.g., of ATM1, SSQ1, and NFS1) were shown to accumulate high levels of iron within mitochondria (7, 22, 31) . A similar increase of the mito- chondrial iron concentration was noted on depletion of Yah1p (Fig.  6) . A significant rise of the mitochondrial iron concentration was seen as early as 3 h after turning off the expression of the YAH1 gene. After 2.5 days of cultivation of the Gal-YAH1 cells in medium lacking galactose, up to 30-fold higher levels of iron compared with the levels in mitochondria of wild-type cells were found. Thus, the accumulation of mitochondrial iron in Yah1p-depleted cells seems to be a distinct phenotypic feature that is common for components involved in Fe͞S cluster biosynthesis.
Discussion
In our study, we have identified a function of a member of the ferredoxin protein family. The mitochondrial ferredoxin Yah1p is required for the generation of Fe͞S proteins inside the organelle and plays a crucial role in the formation of Fe͞S proteins in the cytosol. The assembly of the Fe͞S clusters into mitochondrial and cytosolic apoproteins was followed by a recently developed immunoprecipitation procedure (7). The amount of iron associated with Leu1p as a model Fe͞S protein served as a direct measure of the conversion of this protein to its holoform. This experimental approach excludes that the observed effects of the Yah1p depletion on the function of Fe͞S proteins may result from a decreased stability of the Fe͞S clusters or from their oxidative damage. Rather, these data suggest a predominant function of Yah1p in the de novo assembly of Fe͞S proteins. Nevertheless, the findings do not rule out an auxiliary function of ferredoxin in the repair of damaged Fe͞S proteins.
At least one step in the biosynthesis of Fe͞S clusters within mitochondria requires the input of reducing equivalents by Yah1p. Several possibilities for an involvement of Yah1p can be envisioned. First, the generation of sulfide by the cysteine desulfurase Nfs1p may necessitate reduction. In the course of the in vitro analysis of the function of bacterial NifS, reduction during the generation of sulfide was facilitated by either DTT or cysteine (32) . Second, iron may require continuous reduction after its import into the mitochondrial matrix to avoid precipitation of insoluble ferric ions. Third, formation of intermediates of the Fe͞S cluster assembly may depend on the supply of electrons. Excellent candidates for such a function are the bacterial NifU͞IscU proteins and their eukaryotic homologs Isu1p͞Isu2p and Nfu1p (33, 34) . For NifU, a function in iron binding has been demonstrated recently (44) . The enzymatic action of NifS leads to the production of an NifU-bound ''intermediate'' [2Fe-2S] cluster that can be released in vitro on reduction by dithionite. In vivo, such a reducing function may be contributed by ferredoxin. Clearly, a more detailed picture of the molecular events leading to Fe͞S cluster assembly is needed to clarify the reaction(s) requiring electron supply by ferredoxin.
Yah1p has considerable homology to adrenodoxin of mammalian mitochondria (11) and to the bacterial [2Fe-2S] ferredoxins (see Fig. 1 ). It seems likely from our data that some of the bacterial 6 . Mitochondria depleted of Yah1p accumulate high levels of iron. Wildtype (WT) and Gal-YAH1 cells were grown as described for Fig. 2 A. At the indicated times, mitochondria were isolated. The amount of nonheme non-Fe͞S (free) iron associated with the mitochondria was measured by the bathophenantroline method (43) .
homologs of mitochondrial ferredoxin also perform a function in Fe͞S cluster biosynthesis, explaining why their genes are encoded within the isc operon (10) . The well known function of adrenodoxin in the biosynthesis of steroid hormones raises the interesting question whether in mammalian mitochondria this protein is also involved in the generation of cellular Fe͞S proteins or whether a second (still unknown) mitochondrial ferredoxin may fulfill this crucial biochemical task. Human adrenodoxin did not functionally complement the deletion of YAH1 in yeast (11) . However, this observation does not readily rule out a function in Fe͞S cluster biogenesis. The activity of human adrenodoxin may depend on the specific interaction with the human NADPH-dependent adrenodoxin reductase that regenerates the reduced form of adrenodoxin. The human protein may not cooperate efficiently with the yeast ferredoxin reductase Arh1p (35, 36) , which is the putative reducing partner of Yah1p. An involvement of Arh1p in Fe͞S cluster biosynthesis has not yet been reported.
A conspicuous phenotypic consequence of defects in the biosynthesis of Fe͞S proteins is the drastic accumulation of iron within mitochondria. To date, increases in mitochondrial iron concentration have been reported for Atm1p, Ssq1p, Nfs1p, Yah1p, and a combined inactivation of Isu1p and Nfu1p (refs. 7, 22, 31, and 34; this study). Further, elevated iron levels have been observed for mutants in frataxin, a mitochondrial matrix protein that is defective in patients with the neurodegenerative disease Friedreich's ataxia (37, 38) . A regulatory role of frataxin in Fe͞S cluster assembly has been suggested based on defects in the mitochondrial aconitase activity (39, 40) . Clearly, in any of these cases, the molecular reason for the iron accumulation within mitochondria and the sequence of events leading to the unregulated iron uptake remain to be defined. Based on the specific function of Atm1p in the biosynthesis of extramitochondrial but not intramitochondrial Fe͞S proteins (7), it is tempting to propose a decisive role of an extramitochondrial Fe͞S protein in the regulation of the iron uptake by the organelles.
It has become clear during the past year that mitochondria contain a complex machinery for the biosynthesis of cellular Fe͞S proteins. Our study adds the ferredoxin Yah1p to the list of components of this apparently complex apparatus. Yah1p seems to perform a central task in biogenesis, because the protein is essential for viability of yeast cells. An essential function has been shown for other components of Fe͞S cluster biogenesis. These proteins include the cysteine desulfurase Nfs1p and the chaperone Jac1p (5, 7). Further, simultaneous deletion of the genes of the two homologs of the bacterial proteins NifU͞IscU, termed Isu1p and Isu2p, is lethal (34) . The essential character of these mitochondrial components underlines the importance of mitochondria in the biogenesis of Fe͞S proteins. The present investigation lends further support to the suggestion of a function of mitochondria in the biosynthesis of Fe͞S proteins outside the organelle. There is growing evidence for a general requirement of at least the central components of mitochondrial Fe͞S protein biogenesis in the formation of extramitochondrial Fe͞S proteins (ref. 7; this study; A. K. and G. Kispal, unpublished data). The elemental sulfur required for cytosolic Fe͞S clusters is produced by Nfs1p inside mitochondria (7) . Likely, iron also moves though mitochondria before incorporation into cytosolic Fe͞S clusters. We therefore speculate that Fe͞S clusters become assembled within mitochondria and are exported to the cytosol, presumably via the ATP-binding cassette transporter Atm1p. At present, it is unclear how the preassembled Fe͞S clusters might be stabilized during transport.
At present, it is unknown why the generation of cellular Fe͞S proteins is so crucial for viability and why its failure is more detrimental than mutations in components of oxidative phosphorylation, the well known primary function of mitochondria. The essential character of Fe͞S protein biosynthesis could be explained by an indispensable task of at least one Fe͞S protein in the yeast cell. Alternatively, the combined inactivation of the entire set of cellular Fe͞S proteins might lead to the loss of viability. Ferredoxins are Fe͞S cluster-containing proteins. The involvement of the ferredoxin Yah1p in Fe͞S cluster assembly predicts the requirement of the functional ferredoxin holoprotein in its own biosynthesis. This situation resembles the essential role of the mitochondrial chaperonin Hsp60 in its own assembly to the functional oligomer (41) . Both cases explain why mitochondria cannot be formed de novo but rather have to be segregated faithfully from the parent to the daughter cells.
The identification of the components of cellular Fe͞S protein biosynthesis in eukaryotes (refs. 5, 7, and 34; this study) will open the avenue to detailed investigations of the molecular mechanism of this process. The close similarity of the mitochondrial machinery of Fe͞S cluster formation to the apparatus identified in prokaryotes will boost the elucidation of this fundamental process in a way similar to that encountered for analysis of the bacterial and mitochondrial machineries of protein folding.
